Abstract-In Part A of this paper, we have investigated how small, controlled amounts of Bi influence Sn whiskering. Three custom Sn-Bi sputter targets of 0.5%, 1.0%, and 2.0% Bi (by weight) were used to generate ∼2000 Å Sn films on Si substrates. The samples were incubated at room temperature (RT) followed by thermal cycling (−40 < T < 125°C) to accelerate whisker growth. The control group was not thermal cycled. Whisker densities dramatically dropped to zero as the concentration of Bi increased to 2.0% for the RT specimens (100-day incubation). However, subsequent thermal cycling turned ON whisker growth (∼25 000 whiskers/cm 2 ) in all the three Bi% cases. Thus, Bi additions suppress whiskering during RT incubation, but the same films readily grow whiskers during thermal cycling. In Part B, a systematic range of coefficient of thermal expansion (CTE) variations between the substrate and Sn (pure, i.e., no Bi or Pb) were investigated to determine the effect on whisker growth. CTEs close in value to Sn (0 < % CTE < 25) were Al, Ag, and brass; intermediate in value to Sn (25 < % CTE < 75) were Zn, Ni, and Ta; and far in value to Sn (75 < % CTE < 100) were semiconductors Si, GaAs, and InP. A thickness of 0.5 μm of sputtered Sn was deposited on each coupon. The thermal cycling range was −40°C to 125°C, with 2-h ramps and 4-h dwells, for a total of 12 h per cycle. A second, comparative set of specimens underwent isothermal annealing at 100°C. All the samples were incubated for 37 days (74 cycles) before observation. The results show that samples with a % CTE > 75% had drastically higher whisker densities (when cycled) compared to those with % CTE < 75%. There appears to be a critical activation (or nucleation) threshold CTE mismatch that "turns ON" whisker growth when using semiconductors as substrates.
Influence of Small Weight Percentages of Bi and Systematic Coefficient of Thermal Expansion
Variations on Sn Whiskering unintended stable or transient short circuits [3] . Additional failure mechanisms include, but are not limited to, metal vapor arcing in vacuum and specimen contamination due to debris from a whisker. Owing to the impact on the electronics reliability, whisker mitigation techniques have been an area of intense study for several decades. Sn whisker mitigation studies intensified in 2006, commensurate with the European Union mandate called Restriction of Hazardous Substances (RoHS). RoHS stipulated that any commercial electronic equipment offered for sale on the European market (including all surface finishes, solder joints, and coatings) should contain <0.1% (by weight) of lead (Pb). Early studies had shown [4] that adding Pb to electroplated Sn sufficiently mitigated whiskers over the lifetime of most electronic assemblies. Further investigations indicated that the amount of Pb required to significantly reduce the whisker growth should be ≥3 wt% [5] . However, this small weight percent is still too large for compliance with the RoHS mandate, and researchers are turning to investigate other mitigation techniques, such as alternatives to Pb.
Currently, there is a wide variety of different mitigation strategies under development [6] . One method is the use of conformal coatings on Sn plated leads, which has been shown [7] to suppress whiskers and prevent whiskers from making electrical contact with a nearby conductive surface. Other groups such as Takeuchi et al. [8] , Shibutani et al. [9] , and Thompson et al. [10] are investigating the post-deposition treatment of Sn plated surfaces as a method of mitigation. For example, a thin Ni cap applied post-deposition has been shown to work well at suppressing whisker penetration for nearly 300 days [11] . Another approach is the adjustment of the electroplating [12] (or sputter deposition [13] ) variables, such as current densities or background pressures, while the Sn is being deposited to control intrinsic stress during deposition. Additionally, application of an under-layer material such as Ni or Ag has been used as a successful method for whisker mitigation, most likely due to stress reduction of the Sn/Ni intermetallic layer compared to that caused by a Cu/Sn intermetallic [14] .
The mitigation technique described in Part A of this paper deals with alloying Sn with small weight percentages of a Pb-like material. It has been suggested that Pb suppresses whisker formation by enhancing film stress-relaxation at the intermetallic layers formed at the Cu/Sn boundary [15] . It has also been shown that Pb creates a more equiaxial Sn grain 2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. microstructure than is found in pure Sn layers [16] , which enables Sn atoms to incorporate at horizontal grain boundaries, thus reducing stress in the film [17] . Since whiskering is known to be a stress relief mechanism, the presence of Pb in alloys of Sn subsequently reduces the whisker growth. Studies of alternatives to Pb have considered the alloys Sn-Cu, Sn-Ag [18] , Sn-Pr [19] , and Sn-Mn [20] . We chose to focus on Bi as the added impurity. Sn-Bi has an equilibrium phase diagram similar to Sn-Pb, with a low Bi solubility and eutectic character (Fig. 1) . Furthermore, Bi forms no intermetallic compounds with Sn, which eliminates the intermetallic contribution to whisker growth and allows us to better isolate the influence of Bi additions to whiskering. Lastly, Pb and Bi enhance stress relaxation similarly, as shown in [22] by a study examining stress relaxation in Sn-Bi and Sn-Pb films. In that work, pure Sn and Sn alloy were electrodeposited onto Si substrates to a thickness of 7.5 μm, with weight percentages ranging from 2.5 to 10 wt% for the Sn-Bi alloy and 10-wt% Pb for the Sn-Pb alloy. The samples were then examined for stress relaxation using a multibeam optical stress sensor to measure the wafer curvature evolution during periods of heating and cooling. It was found that the Sn-Pb sample had the greatest amount of stress relaxation and the pure Sn had the least. The conclusion was that, while the stress relaxation in Sn-Bi films was lower than in Sn-Pb films, the addition of small amounts of Bi nevertheless acts to reduce whiskering.
How much Bi is required to suppress the growth of Sn whiskers? As discussed above, ∼3-wt% Pb is the commonly accepted value necessary to reduce whiskers to near-zero numbers for incubation periods of the order of a year. A key study for the case of Bi [23] addressed 5-μm Sn-xBi alloy (x = 0.5, 1.0, and 2.0 wt%) films deposited on Cu and Fe-Ni substrates. The specimens were incubated under four different environmental conditions, including ambient room-temperature (RT) storage, high-humidity/high-temperature storage, indentation loading, and thermal cycling. Under ambient storage, as little as 0.5-wt% Bi was found to prevent whiskering for the duration of the 1-year incubation. The high humidity and ball indentation storage showed results similar to the ambient storage condition. Under thermal cycling, however, many nodule features were noted, probably due to the influence of the coefficient of thermal expansion (CTE) mismatch [24] between the substrate and the Sn-xBi films. However, no true whiskers (defined as hillocks >5 μm, as defined by the authors) were found on any of the Sn-xBi samples, and it was concluded that the whiskers were mitigated by the presence of small weight percentages of Bi, but only mitigated to acceptable tolerances with the 2-wt% Sn-Bi alloy.
The focus here in Part A was to extend the findings of [23] to a non-IMC forming, nonelectrodeposited film-substrate system by sputter depositing Sn-xBi thin films onto Si containing systematic variations of incorporated Bi. We further wanted to observe the effect of thermal cycling on these small wt% Bi films in order to examine whether the anticipated gains in whisker suppression due to Bi incorporation can be overcome by thermal cycling during incubation [25] - [27] . In Part B, a series of coupons having a systematic CTE variation between the substrate and pure Sn (i.e., no Bi, and Pb) were examined to elucidate the role of CTE on whiskering.
II. PART A: INFLUENCE OF SMALL WEIGHT PERCENTAGES OF Bi ON Sn WHISKERING

A. Experimental Conditions
Three custom small-weight-percentage Sn-xBi alloy (x = 0.5, 1.0, and 2.0 wt%) sputter deposition targets were synthesized for this paper by Electronic Space Products Incorporated Metals, Inc., to 99.99% purity. The test matrix contained a total of six coupons, two for each wt%. The substrates were 1×1-cm 2 , n-doped silicon wafers, chosen for the absence of intermetallic compound (IMC) formation with Sn in addition to providing a high CTE mismatch. The samples were placed in a magnetron sputter deposition system for ∼2 min to create a thin Sn film of ∼2000 Å. During the deposition, an Ar plasma was used with potentials of 350 ± 10 V and a current of 0.18 ± 0.02 A. The background Ar gas pressure was adjusted to 3 mtorr, which creates a starting intrinsic compressive stress in the sputtered film, shown in Fig. 2 .
Following deposition, X-ray photoelectron spectroscopy (XPS) analysis was done on the samples to ensure that the sputtered films contained the same measureable wt% Bi as the parent targets (i.e., check for congruent sputtering). XPS analysis of the post-deposition 1.0-and 2.0-wt% Bi films Magnetron sputtering system conditions to produce intrinsic net compressive and tensile films. For the case of Sn films, argon pressures <7 mtorr produce compressive films and tensile films are produced by argon pressures >9 mtorr [27] .
are shown in Fig. 3(a) and (b), respectively. After 2.0 min of Ar + sputter cleaning to remove surface oxides and other surface impurities, the XPS analysis determined the film stoichiometry for the 1.0-wt% Bi to be 99.1-wt% Sn and 0.9-wt% Bi. Comparatively, for the 2.0-wt% Bi sample, the film stoichiometry was found to be 98.3-wt% Sn and 1.7-wt% Bi. These results showed that the sputtered thin film stoichiometry matched that of the parent sputter target to good accuracy.
Subsequently, all the six samples were allowed to incubate for 77 days under RT (23°C) and standard laboratory humidity (∼60% RH) conditions. Following this period of ambient incubation, the samples were examined for whisker growth statistics. Then, three of the samples (one of each Bi wt%) were removed and placed into a thermal cycling oven (Thermotron Model S-1.2 C). The thermal cycle profile consisted of 2-h ramps to the high temperature and 4-h dwells, shown in Fig. 4 . The complete cycle time was 12 h. The total cycle time was 2 weeks (28 cycles). The high-temperature dwell was set at 125°C, while the low was held at −40°C. All the samples (RT annealed and thermal cycled) were then re-examined for whisker growth statistics.
The whisker growth statistics protocol (SEM) consisted of a low magnification (∼ 500×) coarse evaluation of whisker growth across each sample, followed by a high-resolution examination of the samples. Whisker densities were obtained by counting the total number of whiskers in ten representative 250 × 250-μm 2 regions on each sample. The counts were then averaged to generate the average whisker density for each sample. Table I gives the final average whisker densities found on the samples under the two incubation conditions. It is of note that after 97 days of ambient incubation, the 2.0-wt% Thermal cycle profile for whisker growth acceleration. Ramps were 2 h, while dwells were 4 h. The upper dwell was held at 125°C, while the lower dwell was held at −40°C. Total cycle time was 12 h.
Bi sample had no observable whiskers found on it. However, after subsequent thermal cycling, the 2.0-wt% Bi sample had the highest whisker density of any of the samples. Whisker growth that had been turned OFF by the introduction of 2% Bi was subsequently turned ON by thermal cycling. Fig. 5 shows SEM images of the ambient incubation samples of Sn-xBi. Note the distinct lack of whiskers. Fig. 5 is representative of the majority of the samples that were kept under ambient air incubation conditions. Previous results have shown that whiskers can be observed on pure Sn films under similar incubation conditions in as little as 42 days [29] . Thus, SEM survey observation of ambient incubation samples after 97 days incubation at STP and 60% RH. Note the limited number of observable whiskers, indicating mitigation of whiskering, under these conditions, due to the presence of Bi.
Bi is playing a definitive role in the mitigation of whiskering.
In comparison, Fig. 6 shows SEM images of the postthermal-cycled samples of Sn-xBi. The stark difference between Figs. 5 and 6 (all photographs at 700×) is evident. After thermal cycling, there is a substantial increase in Sn whiskering in all the specimens containing Bi. We also note (Fig. 6 ) what appears to be grain boundary cracking and voiding, consistent with what was observed in [23] . Representative whiskers found on the selection of the Sn-xBi samples that were thermally cycled can be seen in Fig. 7 . Note that the whiskers have the bent and kinked morphology that are frequently observed in thermally cycled whiskers grown on Si substrates [25] , [26] .
After three months of incubation, the noncycled Sn-xBi samples have whisker statistics comparable to Sn-xPb, with very low whisker densities compared to pure Sn incubated for the same length of time. From this (and related studies of electrodeposited films), we conclude that Bi in a concentration exceeding 2 wt% can serve as a reasonable replacement for Pb in Sn platings used under RT incubation conditions, and would be in compliance with RoHS regulations. SEM survey observation of thermally cycled samples after 77 days incubation at STP and 60% RH followed by 14 days of thermal cycling. Note the high whisker density compared to samples that received no thermal cycling. The accelerating effect of CTE mismatch operating during thermal cycling is able to overcome the mitigating effect of Bi additions on Sn whiskering. 
III. PART B: INFLUENCE OF SYSTEMATIC COEFFICIENT OF THERMAL EXPANSION VARIATIONS ON Sn WHISKERING
A. Introduction
The dramatic increase in whiskering under thermal cycling for Sn-xBi on Si begs the question of what role CTE variations plays in Sn whiskering. As seen above, the favorable situation for Sn-xBi films in whisker suppression can be dramatically compromised during thermal cycling with a significant turn-ON of whisker growth. There are two significant whisker drivers present in the films of this experiment, the reduction of whiskering due to Bi addition and the increase in whiskering due to the CTE mismatch, manifested during thermal cycling. It is clear that the whisker mitigation due to Bi additions can be overcome during thermal cycling. Under conditions of thermal cycling, copious amounts of whiskers were found in less than 30 thermal cycles (−40°C to 125°C) for Bi-containing specimens where nearly zero whiskers were observed under isothermal, ambient temperature conditions. Even worse, we see large numbers of whiskers under significantly fewer cycles than observed by [23] . This indicates that the CTE mismatch between Sn-xBi and Si may be providing a much larger driving force in whiskering than the whisker reduction due to foreign atom incorporation. The large CTE mismatch between Si and Sn (Sn: 23.5 × 10 −6 K −1 ; Si: 5.1 × 10 −6 K −1 ) causes orders of magnitude changes in the whisker densities compared to the RT storage conditions for the same incubation periods.
While the results are encouraging, more and longer term studies are necessary to demonstrate whether 2.0-wt% Bi in Sn is able to successfully suppress the whisker growth over a wide range of RT incubation environments. No whiskers were observed on Sn/2.0-wt% Bi after 3 months of incubation at RT, whereas the previous work on pure Sn/Si film systems in our laboratory [26] showed high densities of whiskers over similar incubation periods. In [23] , whiskers were also mitigated in Sn/2.0-wt% Bi across a variety of whisker environments that included thermal cycling. That Suganuma [23] observes no whiskers even after thermal cycling over similar thermal cycle profiles as we used here is most likely due to the different substrates between the two studies, as Si results in a much higher CTE mismatch than the Cu and Fe-Ni used by Suganuma [23] . Furthermore, our films are significantly thinner, allowing for less equiaxed grains and higher film stresses.
To study the influence of CTE mismatches on whiskering, the following Section III-B describes a more rigorous experiment to further study (and isolate) the effects of CTE mismatch on whisker growth.
The fact that systematic variations in the CTE between Sn and the substrate provide a highly reliable and fast method to grow whiskers traces to the freshman physics topic of the bimetallic strip, which bends convex or concave depending on the relative CTE of the bimetals. We noticed the dramatic effect of CTE on whiskering during early experiments designed to isolate the effect of IMC growth on whiskering. Much of the early work on whiskering was performed on brass substrates, which enhances whiskering due to the unbalanced interdiffusion of Sn/Cu couples, forming the intermetallic compound Cu 6 Sn 5 , which in turn develops stresses within the film/substrate region. As Cu diffuses into Sn, the molar volume increase for the combined Cu and Sn atoms in that region initially occupied only by the Sn atoms establishes a compressive stress state within the entire intermetallic region. The expansive forces generated by the formation of Cu 6 Sn 5 intermetallic are a fundamental driving force that presumably moves (diffuses) Sn atoms toward the film surface and, when conditions are correct, the whisker itself. While this theory summarizes and attempts to explain a vast amount of whisker information generated over decades of whisker observations on brass, we considered it an unnecessary distraction to our goal of generating fast whisker growth. There are much more effective whisker-producing forces than the stress produced by the scalloped Cu-Sn IMC and, indeed, huge densities of whiskers can be generated on film systems (such as Sn on semiconductors) where no intermetallic compounds form.
B. Experimental Conditions
To systematically characterize the effect of CTE on whiskering, we selected growth substrates having a range of CTE Fig. 9 . Average whisker density for thermally cycled (−40°C to 125°C, 37 days, 74 cycles) and isothermally annealed (100°C, 37 days) specimens. compared to Sn (Table II) . Substrates with CTE close in value to Sn (0 < % CTE < 25) were Al, Ag, and brass; intermediate in value to Sn (25 < % CTE < 75) were Zn, Ni, and Ta; and far in value to Sn (75 < % CTE < 100) were semiconductors Si, GaAs, and InP. A thickness of 0.5 μm of sputtered Sn was deposited on each substrate under compressive stress conditions. A 500-Å Cr adhesion layer ensured good film adhesion during subsequent thermal cycling. Cr was chosen because it has negligible solubility and Sn-Cr IMC formation (note: the specimens in Part B did not contain Bi). After deposition, the samples were mounted, using Cu tape, onto Al trays for ease of transfer between the thermal chambers and the SEM. The thermal cycling range was −40°C to 125°C, with 2-h ramps and 4-h dwells, for a total of 12 h per cycle. A second, comparative set of specimens underwent isothermal annealing at 100°C ± 5°C. All the samples were incubated for 37 days (74 cycles) before observation. The resulting whisker fields are shown in Fig. 8 , with a summary plot of the whisker density versus % CTE in Fig. 9 .
The most impressive whisker fields are observed for the specimens having the largest % CTE. The isothermally annealed samples had consistently lower whisker densities across all the specimen combinations compared to the thermally cycled samples. This is intuitively reasonable, as constant temperature annealing would result in a lower average stress field in the film. Samples with a % CTE > 75% resulted in drastically higher whisker densities (when cycled) compared to those with % CTE < 75%. In Fig. 9 , there appears to be a critical activation (or nucleation) threshold CTE mismatch that "turns ON" the whisker growth when using semiconductors as substrates. The bottom line is that very fast (i.e., 1 month) Sn whisker growth occurs for film systems that are thermally cycled and have % CTE > 75% mismatches. We have been using this technique for 2 years [26] as our primary method to grow fast, high-density fields of high-aspect-ratio Sn whiskers, largely using Si as the substrate.
IV. CONCLUSION
Perhaps the most important conclusion from this paper involves the practical effect of whiskering on electronics reliability. The effect of CTE mismatch on whiskering is substantial and can reverse the gains achieved by other methods for suppressing whisker growth. To minimize whiskers, engineers should proceed with caution when selecting film systems with Sn and avoid the use of combinations with large CTE mismatches that subsequently undergo diurnal or thermal cycling.
